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Introduction
Stress is a major risk factor for the development of psychopathology and metabolic dysfunction (McEwen et al., 2015) . Preclinical models of chronic stress, including chronic unpredictable stress (CUS) (Willner, 2016 (Willner, , 2005 , evoke wideranging consequences that include, but are not restricted to, dysregulation of cognitive and mood-related behavior (Jett et al., 2017; Lupien et al., 2009) , disruption of normal metabolic status (Rebuffé-Scrive et al., 1992) , perturbed neurohormonal regulation (de Kloet, 2003) , alterations in neuronal architecture (Watanabe et al., 1992; McEwen et al., 2016) , dysregulated adult neurogenesis (Egeland et al., 2015) , and changes in gene expression within key limbic brain regions (Meyer et al., 2001; Ieraci et al., 2016; Mychasiuk et al., 2016) . Recent studies also indicate that stress-evoked molecular, cellular, metabolic and behavioral consequences exhibit sexual dimorphism (Dalla et al., 2005; Goldstein et al., 2010; da Silva et al., 2014; Mychasiuk et al., 2016) . Several reports provide evidence that chronic stress can alter serotonergic neurotransmission (Adell et al., 1997; Chaouloff et al., 1999; Lanfumey et al., 2008; Liu and Aghajanian, 2008; Sargin et al., 2016) . Despite the strong evidence linking chronic stress to disruption of serotonin signaling, the contribution of specific serotonergic receptors to stress-evoked sequelae are still not clearly understood.
5-HT 2A receptors are regulated by stress and are implicated in the pathophysiology and treatment of mood-related disorders (Takao et al., 1995;  M A N U S C R I P T
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5-HT 2A receptor and chronic unpredictable stress (Beig et al., 2009; Harvey et al., 2012; Jørgensen et al., 1998; Ootsuka et al., 2008) . 5-HT 2A receptor knockout mice (5-HT 2A -/-) exhibit reduced anxiety-like behavior, with no change reported in depressive-like behavior, under baseline conditions (Weisstaub et al., 2006) . In response to a chronic corticosterone challenge 5-HT 2A -/-mice exhibit enhanced depressive-like behavior (Petit et al., 2014) , and are reported to have a treatment-resistant phenotype following chronic antidepressant treatment (Quesseveur et al., 2013; Quesseveur et al., 2016) . At present, it remains unknown whether the effects of CUS on behavior, neurohormonal and metabolic measures and gene expression within limbic brain regions are altered in 5-HT 2A -/-mice.
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Chronic unpredictable stress (CUS) paradigm
5-HT 2A -/-male and female mice and their age and sex matched wild-type littermate controls (n = 12-15/group) were subjected to chronic unpredictable stress (CUS) (Nasca et al., 2013) (Supplementary Table 1 ). In brief, the CUS paradigm consisted of exposure to 1-2 stressors daily. The stressors were selected in a randomized manner and included restraint stress, cage tilting, exposure to white noise or constant tone, food water deprivation, cold exposure, an altered light-dark phase, extended dark phase, overcrowding, and wet bedding. The tail suspension test (TST) and forced swim test (FST) were incorporated as part of the CUS paradigm, and also served as interim behavioral tests to assess effects of CUS ( Fig. 2A ) (Supplementary Table 1 ). The experimental groups were as follows for both males and females: WT control, WT CUS, 5-HT 2A -/-control and 5-HT 2A -/-CUS (n = 12-15/group). All behavioral analysis was performed during the light phase. Post CUS, all experimental groups were subjected to behavioral testing and a subset of animals from this same cohort was used for both serum metabolic profiling and gene expression analysis.
Tail suspension test (TST) and Forced swim test (FST)
Animals were subjected to the tail suspension test (TST) as previously described (Castagné et al., 2011) with the time spent immobile determined for the duration of 4 minutes not including the first minute post suspension. Animals were subjected to the Porsolt's classic forced swim test (FST) as described previously (Castagné et al., 2011) for 5 minutes and the time spent immobile was measured from the first to the fifth minute. Automated behavioral analysis for TST and FST was performed on video recordings where the experimenter was blind to treatment conditions using the SMART 3.0 FST/TST module.
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Metabolic measurements
Body weights of all treatment groups were monitored weekly. Animals were sacrificed by rapid decapitation and trunk blood was collected for serum measurements at the end of CUS, and analyzed for metabolic parameters which included serum corticosterone, glucose and lipid profiles (Shahbazker's Diagnostic
Center, Mumbai). Experimental groups were as follows for both males and females:
WT control, WT CUS, 5-HT 2A -/-control and 5-HT 2A -/-CUS (n = 4-7/group). Serum corticosterone levels were measured colorimetrically using a commercially available ELISA kit (Abcam, Cat no. ab108821) as per manufacturers' instructions (n = 4-5/group).
Quantitative real time PCR (qPCR) analysis
All experimental animals were sacrificed three hours after the final stressor in the CUS regime. Experimental groups were as follows for both males and females:
WT control, WT CUS, 5-HT 2A -/-control and 5-HT 2A -/-CUS (n = 5-10/group).
Animals were sacrificed by decapitation and the prefrontal cortex and hippocampi were dissected out and snap-frozen in liquid nitrogen. RNA was isolated using Tri reagent (Sigma) and reverse transcribed using a complementary DNA (cDNA) synthesis kit (PrimeScript 1st strand cDNA Synthesis Kit, Takara Bio). Quantitative real time PCR (qPCR) was performed with primers for the genes of interest (Supplementary Table 2 ) using a Bio-Rad CFX96 real-time PCR machine. Data was quantified using the ∆∆Ct method, as described previously (Bookout and Mangelsdorf, 2003) , with data normalized to Hypoxanthine guanine phosphoribosyl transferase (Hprt), whose expression was unaltered across treatment groups.
Statistical Analysis
M A N U S C R I P T (Benjamini and Hochberg, 1995; Glickman et al., 2014) . (Fig. 1D , E). Both 5-HT 2A -/-male and female mice showed significant increases in the percent distance traveled in the center of the arena (Fig. 1D, F) , and the number of entries (Fig. 1G ) in the center of the OFT arena as compared to their sex-matched wild-type littermate controls. While female 5-HT 2A -/-mice exhibited a significant increase in percent time spent in the center of the OFT (Fig. 1H ), male 5-HT 2A -/-mice showed a trend (p = 0.05) on this measure (Fig. 1H ).
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These results indicate that naive, non-handled 5-HT 2A -/-male and female mice exhibit reduced anxiety-like behavior on the OFT as previously reported (Weisstaub et al., 2006) .
Male and female 5-HT 2A receptor knockout mice exhibit behavioral despair following chronic unpredictable stress
We examined whether 5-HT 2A receptor deficiency influenced the behavioral consequences of CUS ( Fig. 2A, Supplementary Table 1 ). The CUS paradigm included TST and FST on distinct days, which served as stressors while also providing a measure of behavioral despair during CUS ( Fig. 2A) . Time spent immobile on the TST and FST did not differ between WT and 5-HT 2A -/-male and female mice at week M A N U S C R I P T = 13.11, p = 0.0007) (Fig. 3B) . We did not observe any significant CUS x genotype interaction effects for either the male or female mice.
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We next compared serum corticosterone, glucose and lipid levels across treatment groups. Corticosterone levels measured three hours post cessation of the M A N U S C R I P T final stressor in the CUS regime did not differ across all groups in both sexes (Fig. 3C,   D ). Two-way ANOVA analysis for serum glucose levels revealed a significant main effect of genotype in both males ( Fig. 3C ) and females (Fig. 3D ). We noted a sexually dimorphic effect of CUS on circulating glucose levels with a main effect of CUS observed only in male, but not female mice (Fig. 3C, D) .
The serum lipid profile in WT and 5-HT 2A -/-males appeared predominantly unaltered following CUS, with the exception of a significant main effect of CUS on total cholesterol and low density lipoprotein (LDL) (Fig. 3C ). We did not observe any significant effect of genotype in the two-way ANOVA analysis for the lipid profiles in males. In contrast to the predominantly unchanged lipid profile observed in males, females exhibited significant CUS x genotype interactions, as well as significant main effects of genotype and CUS on multiple measures for lipid profile analysis (Fig. 3D) .
A significant CUS x genotype interaction was noted for total cholesterol, LDL, total cholesterol/ high density lipoprotein (Total/HDL) ratio, and LDL/HDL ratio in females (Fig. 3D) . A significant main effect of genotype was noted for HDL, VLDL and total cholesterol/HDL. A significant main CUS effect was observed for total cholesterol, LDL, total cholesterol/HDL, and LDL/HDL in females (Fig. 3D ).
Bonferroni post-hoc group comparisons indicated significant increases in total cholesterol, LDL, total cholesterol/HDL and LDL/HDL ratios, in non-stressed 5-HT 2A -/-female mice compared to non-stressed WT controls (Fig. 3D ). In addition, while CUS evoked an increase in these measures in WT female mice, this induction was not observed in 5-HT 2A -/-female mice subjected to CUS as compared to nonstressed 5-HT 2A -/-female controls (Fig. 3D ). Taken together, these results reveal a sexual dimorphism in the effects of 5-HT 2A receptor deficiency on lipid metabolism, We next addressed whether the transcriptional regulation of specific stressrelated and immediate early genes (IEGs) within the prefrontal cortex (PFC), which plays a critical role in top-down regulation of stress responses (Covington et al., 2010; McEwen and Morrison, 2013) , is influenced by 5-HT 2A receptor deficiency ( Fig. 4A-D ). We examined the regulation of genes involved in stress hormone regulation, namely corticotrophin releasing hormone (Crh) and it's receptor Crhr1, and the corticosterone receptors, glucocorticoid receptor (GR: Nr3c1) and the mineralocorticoid receptor (MR: Nr3c2) (Hill et al., 2012) . In addition, we examined the regulation of trophic factors (Bdnf, Igf1) and IEGs (Arc, Fos, Fosb, reported to be regulated by stress (Ieraci et al., 2016; Law et al., 2016; Ons et al., 2010 ). Since we have performed multiple comparisons for our qPCR results, we have reported both uncorrected and FDR corrected p values in Fig. 4 . The results described pertain to FDR uncorrected p values, which have gone through a multiplicity adjusted correction for the two-way ANOVA on the individual gene tested, but not FDR correction. However, given we have carried out testing within multiple brain regions, across both genders and for several genes we have also provided the FDR corrected p value.
In the male PFC, we noted both a significant main effect for CUS and genotype in the regulation of Crh, with a reduction noted in prefrontal Crh mRNA levels ( Fig. 4B ). Further, a significant genotype effect was noted for Crhr1 expression, with reduced levels observed in 5-HT 2A -/-mice. For the trophic factors examined, we M A N U S C R I P T For the female PFC, similar to the males we noted a significant main effect for CUS in the regulation of Crh, with reduced prefrontal Crh expression observed following stress (Fig. 4C) . We also observed a significant main effect for CUS for the prefrontal expression of MR (Nr3c2), with a decline noted in expression. Two-way ANOVA analysis revealed significant CUS x genotype interactions for both Crhr1 and GR (Nr3c1) 
5-HT 2A receptor deficiency modifies the effects of chronic unpredictable stress on stress-related and immediate early genes in the hippocampus
We next addressed the influence of CUS on stress-related, trophic factor and IEG expression in the hippocampus, a brain region that is both a target for stress hormones and contributes to top-down regulation of stress-responses (Kim et al., 2015; Tasker and Herman, 2011) (Fig 5A-D) . We have reported both uncorrected and FDR corrected p values in Fig. 5 . The FDR uncorrected p value has been through a multiplicity adjusted correction for the two-way ANOVA on the individual gene tested and we have used this p value for description of results. In the male hippocampus, we noted both a significant main effect for CUS and genotype in the regulation of GR (Nr3c1) and MR (Nr3c2), with a reduction noted in GR and MR expression (Fig. 5B ). In the case of Crhr1 mRNA levels in the hippocampus, we noted a significant CUS x genotype interaction, with post-hoc analysis revealing a significant decline in Crhr1 expression selectively in the stressed 5-HT 2A -/-male mice as compared to their non-stressed, genotype-matched controls (Fig. 5B ). For the trophic factors examined, we noted a significant main effect of CUS on Igf1 mRNA expression, with a reduction in expression noted following stress. Analysis of IEG M A N U S C R I P T Egr1 and Egr4, with a robust induction noted in gene expression for both these genes in the hippocampi of 5-HT 2A -/-male mice under baseline conditions. We also observed a significant main effect of CUS for Arc, Fos, Egr2 and Egr3 (Fig 5B) , with the results indicative of a stress-evoked decline in gene expression for these genes.
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Amongst the IEGs analyzed, a significant CUS x genotype interaction was observed for only Egr4 expression with a differential effect of CUS noted in wild-type and 5-HT 2A -/-male mice. Bonferroni post-hoc comparisons revealed a baseline increase in Egr4 mRNA levels in the hippocampi of 5-HT 2A -/-male mice (Fig. 5B ).
Gene expression analysis for stress-related, trophic factor and IEG expression in the hippocampi of wild-type and 5-HT 2A -/-female mice, under baseline and CUS conditions, revealed that the pattern of regulation in specific cases is sexually dimorphic. In female mice, we observed a significant main effect for CUS in the regulation of Crh and GR (Nr3c1), with a decline noted in both genes following stress (Fig. 5C ). We observed a significant CUS x genotype interaction for MR (Nr3c2) expression in the hippocampus ( 
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5-HT 2A receptor deficiency and behavioral consequences of CUS.
Our observation of reduced anxiety-like behavior in 5-HT 2A -/-mice of both sexes is in agreement with prior reports (Weisstaub et al., 2006) . Further, infusion of a 5-HT 2A/C receptor agonist into the OFC can induce anhedonia, anxiety and behavioral despair, mimicking the effects of chronic stress (Xu et al., 2016) . Our findings with the 5-HT 2A receptor knockout mice differ in this regard.
However, it is also important to note that ketanserin also exerts antagonistic effects at other 5-HT 2 receptor subtypes (Bard et al., 1996; Herndon et al., 1992) . Given that the Previous studies have suggested that 5-HT 2A -/-mice exhibit exacerbated depressive behavior in response to chronic corticosterone treatment (Petit et al., 2014) .
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Our results did not reveal any worsening of the behavioral trajectory following CUS and also did not show any change in circulating corticosterone levels when observed at end of the CUS regime. It is important to note that chronic corticosterone treatment is not necessarily an equivalent of CUS treatment, although it is reported to recapitulate certain aspects of chronic stress-evoked changes (Iijima et al., 2010; Rebuffé-Scrive et al., 1992) . However, these studies highlight one factor in common, suggested to contribute to the treatment-resistance phenotype exhibited by these mice (Quesseveur et al., 2016 (Quesseveur et al., , 2013 , and may also play a role in our observations that despite baseline reduced anxiety-like behavior, 5-HT 2A -/-mice are equally susceptible to the behavioral effects of adult-onset, chronic stress. It is of interest that the expression of the 5-HT 2A receptor peaks during postnatal life (Murrin et al., 2007; Zhang, 2003) raising the possibility that the 5-HT 2A receptor may exert a role in the effects of early life stress. Indeed, prior pharmacological studies suggest a key role for 5-HT 2A receptors in contributing to the anxiety-like behavior evoked following early life stress (Benekareddy et al., 2011) . Future studies are required to examine whether the trajectory of behavioral changes evoked by early stress is altered in 5-HT 2A receptor deficient mice.
5-HT 2A receptor regulation of CUS-evoked changes in serum metabolic markers.
CUS is known to cause a reduction in body weight and alterations in lipid metabolism (da Silva et al., 2014; Fu et al., 2016) . We did find a CUS-evoked decline M A N U S C R I P T Further, this CUS-evoked dyslipidemia was not observed in 5-HT 2A -/-female mice, which exhibited a baseline dyslipidemic phenotype, with hypercholesterolemia as well as enhanced LDL levels. These findings suggest a possible interaction with estrogen, given that the 5-HT 2A -/-male mice did not exhibit any baseline lipid profile changes (Cavus and Duman, 2003; da Silva et al., 2014) . Taken together, these findings implicate the 5-HT 2A receptor in chronic stress-evoked dyslipidemia, and motivate future studies to address the relationship between 5-HT 2A receptors, estrogen and chronic stress in the regulation of lipid metabolism.
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5-HT 2A receptor regulation of stress-associated and trophic factor gene expression under baseline and CUS conditions.
Our gene expression studies, focused on the regulation of stress associated pathways, trophic factors and IEGs in the PFC and hippocampus of 5-HT 2A -/-male and female mice following CUS. In our qPCR results (Fig. 4 and Fig.5 ) we report p M A N U S C R I P T (Homberg et al., 2014; Rios et al., 2006; Vaidya et al., 1997) .
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5-HT 2A receptor regulation of IEG expression under baseline and CUS conditions.
Prior evidence indicates that 5-HT 2A receptor agonists induce EPSPs in the cortex, likely through their expression on excitatory pyramidal neurons (Aghajanian and Marek, 1999; Martín-Ruiz et al., 2001) . In contrast, 5-HT 2A receptor stimulation results in enhanced IPSPs in the hippocampus due to the presence of 5-HT 2A receptors on GABAergic interneurons and ensuing effects on GABA release (Piguet and Galvan, 1994; Shen and Andrade, 1998; Wyskiel and Andrade, 2016) . This has been 
Conclusion
The results of this study provide evidence that the 5-HT 2A receptor in a sexually dimorphic manner modulates the metabolic and transcriptional sequelae, but not the behavioral despair, that follow due to chronic stress exposure. Given clinical evidence that polymorphisms at the HTR2A gene locus can influence both susceptibility to major depressive disorder and treatment responsivity to antidepressants (Chang et al., 2017; Horstmann et al., 2010; McMahon et al., 2006) , Crhr1 100 ± 7.08 91 ± 4.37 85 ± 6.32 75 ± 5.15
Nr3c1 100 ± 7.42 87 ± 7.06 94 ± 3.41 82 ± 5.61
Nr3c2 100 ± 8.81 94 ± 8.17 92 ± 5.91 92 ± 9.25
Bdnf 100 ± 8.61 107 ± 6.07 116 ± 8.74 79 ± 4.84 $ Igf1 100 ± 7.54 83 ± 6.41 91 ± 7.27 67 ± 3.88
Arc 100 ± 13.55 83 ± 10.83 60 ± 9.49 52 ± 8.01
Fos 100 ± 4.71 63 ± 7.24 50 ± 8.55 45 ± 9.43
Fosb 100 ± 13.6 88 ± 11.01 80 ± 14.29 46 ± 3.53
Egr1 100 ± 12.46 98 ± 10.39 86 ± 11.42 70 ± 5.7
Egr2 100 ± 8.16 64 ± 6.81* 52 ± 8.95 ¢ 52 ± 9.33
Egr3 100 ± 5.67 94 ± 5.11 100 ± 10.12 71 ± 5.63 Fosb 100 ± 17.6 77 ± 5.23 90 ± 18.14 69 ± 7. Egr1 100 ± 4.04 100 ± 9.31 171 ± 19.59 137 ± 6.35
Egr2 100 ± 8.92 64 ± 7.87 101 ± 7.86 61 ± 8.77
Egr3 100 ± 3.27 97 ± 3.9 100 ± 5.79 83 ± 2.1 Crhr1 100 ± 9.35 85 ± 6.23 82 ± 9.3 78 ± 5.69 Nr3c1 100 ± 3.99 85 ± 3.01 89 ± 3.49 85 ± 2.81 Nr3c2 100 ± 6.72 99 ± 4.58 128 ± 6.71 ¢ 95 ± 7.51 $ Bdnf 100 ± 8.58 92 ± 5.47 123 ± 5.9 99 ± 8.75
Igf1 100 ± 3.84 85 ± 4.2 98 ± 5.24 94 ± 7.7 Arc 100 ± 5.82 77 ± 5.04 90 ± 7.21 73 ± 7.86
Fos 100 ± 17.58 53 ± 4.97 77 ± 4.62 56 ± 7.84
Fosb 100 ± 8.61 69 ± 4.67* 78 ± 6.37 86 ± 12.03
Egr1 100 ± 7.45 67 ± 2.52* 87 ± 5.18 86 ± 5.75
Egr2 100 ± 12.69 62 ± 4.36 73 ± 6.32 69 ± 10.91
Egr3 100 ± 2.03 96 ± 3 99 ± 3.36 85 ± 2.98
Egr4 100 ± 5.63 84 ± 2.12 92 ± 7.13 97 ± 3.54 
Males
